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論文内容の要旨 
Introduction 
Regeneration is a process wherein lost body parts are replaced, and unveiling the 
complicated biological processes associated with regeneration is still a major challenge 
in biology. The regeneration abilities of metazoans have been classified into five levels, 
including regeneration of the whole body, structural elements (e.g., limbs, tail, and fins), 
internal organs (e.g., heart and liver), tissues (e.g., gut lining), and cells (e.g., axon and 
muscle fibre regeneration). Based on the phylogenetic distribution of high regenerative 
species in metazoans, the highly regenerative ability originated from early animals 
after they acquired multi-cellularity as an epiphenomenon of development. The capacity 
for regeneration varies greatly among metazoans, although little is known about the 
evolutionary processes leading to different regeneration abilities. In particular, high 
regenerative species such as planarians and cnidarians can regenerate the whole body 
from an amputated fragment; however, a common molecular basis, if any, among species 
with high regeneration abilities remains unclear. New techniques such as 
next-generation sequencing and highly-performance supercomputing enable 
high-throughput, genome-wide data analysis for extensive species. It may be possible to 
identify conserved genes that are responsible for regeneration capacity in highly 
regenerative metazoans by performing comparative-genome and whole-transcriptome 
analyses. I hypothesized that a common ancestor of all metazoans had high 
regeneration ability and that particular genes were lost independently in multiple 
phyla, resulting in some species showing low regeneration in individual phyla. The 
purpose of this study is to identify genes that are differentially expressed during 
regeneration in four highly regenerative metazoans (Schmidtea mediterranea, 
Nematostella vectensis, Hydra vulgaris, and Ciona intestinalis), whose orthologues 
were conserved only in the genomes of species in the highly regenerative group during 
evolution. Furthermore, to provide evidence that the identified candidate genes are 
associated with regeneration, I examined expression pattern of the genes by 
whole-mount in situ hybridization (WISH), and their function for regeneration in 
planarian by RNAi knockdown methods. 
 
Results and discussion 
To test this hypothesis, I defined species that regenerate whole, anterior, or posterior 
body parts as high regenerative species, and other species that regenerate only 
appendages such as limbs, tails, fins, or internal organ and cells as low regenerative 
species. According to this definition, I downloaded 133 metazoans with fully sequenced 
genomes from Ensembl and other databases and classified 15 species as high 
regenerative species belong to one of phylum of (Urochordata, Cephalochordata, 
Echinodermata, Hemichordata, Annelida, Brachiopoda, Platyhelminthes, Cnidaria, 
Placozoa, Ctenophora, and Porifera) and 118 species as low regenerative species belong 
to Vertebrata, Arthropoda, Mollusca, and Nematoda. In this work, I first conducted the 
genomics analysis by comparing high with low regeneration species based on above 
definition. The results showed that candidate genes conserved in highly regenerative 
metazoans are responsible for high regeneration ability and most of them were JmjC 
domain-encoding genes. I denoted the candidate genes high regenerative 
species-specific JmjC domain-encoding genes (HRJDs). I observed losses of HRJD in 
Helobdella robusta, which lost its high regeneration ability during evolution based on 
phylogenetic analysis. Common ancestors of metazoans would have a high regeneration 
ability, and many species including Vertebrata, Nematoda, and Arthropoda appear to 
have lost the high regenerative ability and HRJD genes during evolution (Fig. 1).  
To investigate the regenerative response of HRJD orthologues, I downloaded the 
RNAseq data during regeneration of two Cnidarians (Nematostella vectensis and Hydra 
vulgaris), as well as Platyhelminthes (Schmidtea mediterranea) and Urochordata 
(Ciona intestinalis), which are high regenerative species. During the regeneration 
process in N. vectensis, individuals were amputated into two parts, and total RNA from 
oral and physa blastemas were extracted at 0, 8, 24, and 72 hpa. Total H. vulgaris 
blastema RNA was extracted from the head blastemas at 0, 2, 4, 6, 12, and 48 hpa. C. 
intestinalis RNA samples were also extracted from tissues of non-regenerated normal 
oral siphons immediately after amputation as controls and from tissues at different 
times during oral regeneration (1, 3, and 8 dpa). The RNA samples of S. mediterranea 
were extracted from regenerating worms during different time course (0, 1, 3, 6, 9, 12, 
24, 36, 48, 60, and 72 hpa, and 4, 5, 6, 7, 10, and 14 dpa). Then, I conducted the 
RNA-Seq analyses during regeneration process, and observed that about half of HRJD 
orthologues were differentially expressed during regeneration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 
Overview of losses of high-regeneration ability and HRJD genes in metazoans during 
evolution. Phylogenetic relationships of metazoan phyla used in this study. Red and 
black characters indicate highly and low regenerative phyla (or species), respectively. 
Black crosses and grey lines indicate losses of JmjC domain-encoding genes and 
regeneration ability during evolution, respectively. 
To examine the function of HRJD genes, I identified two HRJD genes in planarian, 
named DjHRJDa and DjHRJDb and conducted the whole-mount in situ hybridization 
and RNA interference. The expressed pattern of DjHRJDa and DjHRJDb was detected 
not only in differentiated cells but also in stem cells, also named neoblasts. Furthermore, 
I prepared the dsRNA of for knockdown of EGFP (negative control), DjHRJDa and 
DjHRJDb, then I injected the dsRNA to planarians (total 60 individuals, each group 
about 15 individuals). Finally, more than 50% of the head and tail parts of amputated 
planarians died during regeneration after RNA interference of HRJD orthologues and 
post amputation into 3 parts in the planarian, Dugesia japonica (Fig. 2) and knockdown 
of DjHRJDb died more than knockdown of DjHRJDa. Moreover, I identified that 
DjHRJDb is DEGs during regeneration. These results suggested that DjHRJDb is more 
important than DjHRJDa during regeneration and DjHRJDa is a supplement during 
regeneration. These results indicate that HRJD genes are strongly associated with a 
high regeneration ability in metazoans. HRJD paralogs regulate gene expression by 
histone demethylation; thus, HRJD genes may be related to epigenetic regulation 
controlling stem cell renewal and stem cell differentiation during regeneration. I 
propose that HRJD genes play a central role in epigenetic regulation during 
regeneration. 
 
 
 
Figure 2. Survival rate in knockdown planarians after RNAi. (a) Intact planarian. (b) 
Regeneration of amputated pieces (head, trunk, and tail) of planarian. (c) The survival 
rates of amputated planarians during the regeneration process are shown. 
 
 
Conclusion 
This work has presented evidence of strong associations between HRJD genes with 
regeneration processes. Evolutionary conservation of the HRJD genes appears to have 
been important for maintaining a high regenerative ability in metazoans. I propose that 
loss of the HRJD genes during evolution resulted in the loss of a high ability for 
regeneration. These findings shed new insights into understanding the common 
molecular basis of regeneration processes occurring among metazoans.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
論文審査結果の要旨 
 
再生能力は動物種間で大きく異なり、プラナリアのような再生能力の高い種では、切断さ
れた断片から全身を再生できる一方で、センチュウのように再生能力が極めて低い種も存
在している。再生能力が種によって異なる背景にある分子基盤や、こうした違いに繋がる
進化過程はよく分かっていない。曹萍麟は、高い再生能力とそれを生み出す再生関連遺伝
子が動物の共通祖先において既に存在していたとの仮定のもと、低再生能力種では、進化
過程において再生能力の消失とともに、再生過程で重要な役割を担う遺伝子が消失したと
考えた。本研究の目的は、高再生能力種のみで保存された共通の遺伝子を探索し、見出さ
れた遺伝子と再生能力との関連を明らかにすることである。曹は、全ゲノム配列が既知で
ある 133 種の動物を、高再生能力種と低再生能力種の 2 つのグループに分類し、高再生能
力種が特異的に持つ遺伝子の探索を行った。タンパク質配列を用いた相同性検索と系統解
析により、低再生能力種でのみで消失した遺伝子を複数同定した。それらのほとんどは
Jumonji C (JmjC)ドメインタンパク質をコードしており、曹は、これらの遺伝子を High 
Regenerative species-specific JmjC Domain-encoding gene (HRJD)と命名した。高再生能力種で
ある 2 種の刺胞動物（Nematostella vectensis、Hydra vulgaris）、扁形動物（Schmidtea 
mediterranea）および尾索動物（Ciona intestinalis）の再生過程の RNA-Seq 解析により、同定
した HRJD 遺伝子群のおよそ半数において、再生過程での発現量の変動が観察された。さ
らに、再生中における HRJD 遺伝子の機能を調べるため、高再生能力種であるプラナリア
(Dugesia japonica)を用いた HRJD 遺伝子の RNAi ノックダウンを実施した。その結果、HRJD
遺伝子の RNAi ノックダウン後に切断した個体において、頭部および尾部の 50％以上が再
生中に死亡した。これらの結果は、HRJD 遺伝子が、高い再生能力に強く関与していること
を示している。このように、低再生能力種のみで独立に再生に関わる遺伝子が消失した例
はこれまでに報告されておらず、再生能力の分子基盤や進化の理解において新たな示唆を
与えた。また、HRJD 遺伝子の研究が進めば、再生医療への応用も期待できる重要な成果で
ある。これらの研究成果は、曹自身が動物のゲノム解析やプラナリアを用いた再生実験を
通して得たものであり、曹が自立して研究活動を行うに必要な高度の研究能力と学識を有
することを示している。したがって，曹萍麟提出の論文は，博士（生命科学）の博士論文
として合格と認める。 
